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ABSTRACT
Dwarf spheroidal galaxies (dSphs) are the most compact dark matter-dominated ob-
jects observed so far. The Pauli exclusion principle limits the number of fermionic dark
matter particles that can compose a dSph halo. This results in a well-known lower
bound on their particle mass. So far, such bounds were obtained from the analysis of
individual dSphs. In this paper, we model dark matter halo density profiles via the
semi-analytical approach and analyse the data from eight ‘classical’ dSphs assuming
the same mass of dark matter fermion in each object. First, we find out that modelling
of Carina dSph results in a much worse fitting quality compared to the other seven
objects. From the combined analysis of the kinematic data of the remaining seven
‘classical’ dSphs, we obtain a new 2σ lower bound of m & 190 eV on the dark matter
fermion mass. In addition, by combining a sub-sample of four dSphs – Draco, Fornax,
Leo I and Sculptor – we conclude that 220 eV fermionic dark matter appears to be
preferred over the standard CDM at about 2σ level. However, this result becomes
insignificant if all seven objects are included in the analysis. Future improvement of
the obtained bound requires more detailed data, both from ‘classical’ and ultra-faint
dSphs.
Key words: dark matter – galaxies: haloes – galaxies: dwarf – galaxies: kinematics
and dynamics – methods: statistical
1 INTRODUCTION
The nature of dark matter (DM) is one of the major ques-
tions in modern physics. The mass of DM particle candi-
dates, which exist in numerous extensions of the Standard
Model, varies in very wide range – from ∼ 10−22 eV for ultra-
light DM (e.g., Hu et al. 2000; Hui et al. 2017; Lee 2018) up
to TeVs for WIMPs (see, e.g., Roszkowski et al. 2018; Arcadi
et al. 2018, and references therein) or up to ∼ 1013 GeV for
WIMPZILLAs (e.g. Chung et al. 1999).
The Pauli principle forbids packing too many fermions
into a gravitationally bound object. Therefore, the average
phase-space density of such an object with mass M enclosed
within a region of radius R, F¯ ∼ M
R3σ3
, cannot exceed some
maximum fmax(m), where m is the mass of fermion, and σ
is the particle velocity dispersion. This allows one to obtain
the lower bound m ' 0.5 keV (Bode et al. 2001; Dalcan-
ton & Hogan 2001; Boyarsky et al. 2009; Horiuchi et al.
2014), based on the extended Tremaine–Gunn (Tremaine &
Gunn 1979) approach (see also Gorbunov et al. 2008; Shao
et al. 2013; Wang et al. 2017) from the analysis of compact
DM dominated objects – dwarf spheroidal satellites (dSphs).
? E-mail: dsavchenko@bitp.kiev.ua
This approach requires an estimator of the dynamical mass
M within a sphere of some radius R (Wolf et al. 2010; Walker
& Pen˜arrubia 2011; Campbell et al. 2017), see also Kowal-
czyk et al. (2013) for a detailed study of the mass estimator
uncertainties, and Boyarsky et al. (2009) for the estimate of
the phase-space volume occupied by the DM particles.
Another method for constraining the mass of the
fermionic DM particle uses direct comparison between the
detailed prediction of the kinematics of dSph and the ob-
servational data (see, e.g., Domcke & Urbano 2015; Randall
et al. 2017; Di Paolo et al. 2018). It does not require an
estimate of the averaged phase-space density over a spatial
region. Direct modelling of kinematics also allows one to
incorporate the anisotropy of the velocity dispersion into
analysis. Moreover, unlike the Tremaine–Gunn approach,
this method allows one to combine the data on several ob-
jects to produce better limits on the particle mass. In re-
turn, it requires a (semi-)analytical model of the DM den-
sity profile and stellar density profile. Many analytical mod-
els of fermionic DM halo density profiles have been devel-
oped so far; see, e.g., Ruffini & Stella (1983); Bilic´ & Vio-
llier (1997); Angus (2010); de Vega et al. (2014); de Vega
& Sanchez (2016); Merafina & Alberti (2014); Domcke &
Urbano (2015); Ruffini et al. (2015); Chavanis et al. (2015);
© 2019 The Authors
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Argu¨elles et al. (2018); Randall et al. (2017); Rudakovskyi
& Savchenko (2018); Giraud & Peschanski (2018); Barranco
et al. (2018).
In this paper, we present a new lower bound on the mass
of fermionic DM particle, based on the observed kinemat-
ics (Bonnivard et al. 2015) and photometry (McConnachie
2012) data of ‘classical’ dSphs, and assuming the DM density
model of Rudakovskyi & Savchenko (2018). In comparison
to Domcke & Urbano (2015), Di Paolo et al. (2018), this ap-
proach allows us not only to analyse individual dSphs, but
also to perform combined statistical analysis based on the
total χ2 goodness-of-fit statistics assuming the same dark
matter particle mass in all of them. Thereby, we aim at util-
ising fully the statistical power of the approach.
This paper is organised as follows: in Sec. 2 our methods
are described (a short description of our model of fermionic
DM halo is also included), the obtained results are sum-
marised in Sec. 3 and discussed in Sec. 4. We use the recent
Planck (Planck Collaboration 2018) cosmological parame-
ters for our calculations.
2 METHODS
We use the semi-analytical method proposed in Rudakovskyi
& Savchenko (2018) to obtain the density profile of a dark
matter halo. It predicts a cored halo for the general case of
warm fermionic dark matter without any extra assumptions
about the particle model. Here we briefly summarise this
method.
For a fermionic dark matter model with particle mass
mDM and g initial degrees of freedom (hereafter, we assume
g = 2) the phase space density cannot exceed (Boyarsky
et al. 2009)
fmax =
gm4
DM
2(2pi~)3 . (1)
For a steady-state isotropic spherically symmetrical dark
matter halo (see Rudakovskyi & Savchenko (2018) for a dis-
cussion on the applicability of this assumption) the phase
space density f is obtained by using the Eddington trans-
formation (Eddington 1916; Binney & Tremaine 2008)
f (E) = 1
pi2
√
8
d
dE
∫ 0
E
dρ
dΦ
dΦ√E − Φ
, (2)
where Φ is the local gravitational potential. We perform the
iterative procedure starting from the NFW profile and trun-
cating the phase space density so that it does not exceed the
limiting value:
ftNFW(E)=
{
f (E), f (E) < fmax ,
fmax, f (E) ≥ fmax . (3)
After this, we reconstruct the mass density (Binney &
Tremaine 2008)
ρtNFW(r) = 4pi
∫ 0
Φ(r)
ftNFW(E)
√
2 (E − Φ(r))dE (4)
for the subsequent step. Rudakovskyi & Savchenko (2018)
shows good convergence of this procedure after several iter-
ations. We call the obtained profile tNFW (stands for trun-
cated Navarro–Frenk–White) hereafter. The density profiles
obtained in this model are in a good agreement with nu-
merical N-body simulations (Shao et al. 2013; Maccio` et al.
2013a,b), see more in Rudakovskyi & Savchenko (2018).
Given the density distribution of a dark matter halo, we
follow the logic of Domcke & Urbano (2015) and Di Paolo
et al. (2018) to obtain the velocity dispersion along the line
of sight. Specifically, we solve the spherical Jeans equation
for the radial velocity dispersion σr,(
∂
∂r
+
2β
r
)
(n?σ2r ) = −n?
GM(r)
r2
, (5)
with the stellar velocity dispersion anisotropy β = 1−σ2⊥/σ2r .
In the above, M(r) is the dark matter mass distribution, and
n? is the stellar number density, which we represent by the
Plummer profile (Plummer 1911)
n?(r) = n0
(
1 + r2/r2h
)−5/2
. (6)
The half-light radii rh for the objects of interest were taken
from McConnachie (2012) and are given in Table 1. We then
calculate the velocity dispersion along the line of sight:
σ2los(R) =
1
Σ?
∫ ∞
R2
dr2
n?√
r2 − R2
σ2r
[
1 − β R
2
r2
]
, (7)
where Σ?(R) =
∫ ∞
R2
dr2n?(r)/
√
r2 − R2 (Binney & Tremaine
2008; Di Paolo et al. 2018).
We model the binned data on the velocity dispersion
for eight classical dSphs taken from Bonnivard et al. (2015).
For every mass of the dark matter particle in the 100 eV –
900 eV range with logarithmic split we use brute-force grid
optimisation over the tNFW profile parameters c200, M200,
and velocity dispersion anisotropy β to minimise the objec-
tive χ2 statistics
χ2 =
∑
i
(
σlos,obs(ri) − σlos,th(ri)
)2
δ2(ri)
, (8)
where σlos,obs(ri) denotes the i’th observational point, δ2(ri)
is its 1σ error, and the σlos,th(ri) is the predicted value at this
point; the summation is performed over the observational
points.
3 RESULTS
The dependence of the best-fitting χ2 statistics on the par-
ticle mass for every individual object is plotted in Fig. 1,
and the best-fitting model parameters are summarised in
Table 1.
The goodness-of-fit is acceptable for every object ex-
cept Carina dSph, which is the only dSph from our selec-
tion that has best-fitting χ2 higher than two standard de-
viations (2
√
2Ndf) above the mean value χ2mean = Ndf of the
chi-squared distribution. Therefore, we exclude Carina dSph
from the subsequent combined analysis.
Apart from the individual fits, we are interested in the
combined goodness-of-fit. We consider the overall χ2 to be
the sum of chi-squared statistics of the individual fits for
every dark matter particle mass. The overall best fit is ob-
tained for the particle mass of 342 eV with χ2 = 124.7 for
134 degrees of freedom. This value of mass, however, cannot
be statistically distinguished from the higher values, as the
MNRAS 000, 1–10 (2019)
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Figure 1. Minimal values of χ2 statistics as functions of the DM particle mass for the tNFW profile model for each of the eight ‘classical’
dSphs studied in this paper. Also given is the number of the degrees of freedom of the fits. Notice the clearly visible minimums in four
objects: Draco, Fornax, Leo I, Sculptor.
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Object rh, kpc χ
2/Ndf mDM, eV M200, 108M c200 β rc, kpc
Carina 0.25 37.5/21 561 111.7 5 0.21 0.25
Draco 0.221 4.1/7 255 177.8 10 0.34 0.66
Fornax 0.71 28.7/46 171 9.57 53 -0.05 0.93
Leo1 0.251 10.4/13 310 155.7 8 0.44 0.54
Leo2 0.176 5.5/8 650 127.6 9 0.61 0.17
Sculptor 0.283 43.2/33 220 6.01 59 0.10 0.59
Sextans 0.695 16.1/13 650 875.6 2 -0.38 0.22
Ursa Minor 0.181 11.8/14 561 4.92 36 -1.32 0.15
Table 1. The best-fitting parameter values for the modelled objects and goodness-of-fit statistics. Profile parameters correspond to the
Navarro-Frenk-White profile used as the starting one in the tNFW generation procedure. Also provided is the half-light radii used in
our fits. Core radii rc for density profiles with the best-fitting parameters, are calculated from ρtNFW(rc) = ρtNFW(0)4 according to the
definition in Rudakovskyi & Savchenko (2018).
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Figure 2. Overall best-fitting χ2 statistics as a function of the
dark matter particle mass. In the limit of high mass the curve
approaches the value obtained in the fit with the Navarro–Frenk–
White profile, as the tNFW halo model approaches that of the
NFW in this limit. The dashed line shows the 2σ confidence
bound on the particle mass.
differences between the corresponding chi-squares are negli-
gible. For comparison, we fitted the data using the Navarro–
Frenk–White profile (Navarro et al. 1996b, 1997), typical to
the standard CDM dark matter model. The best-fitting χ2
statistics is 125.1 for 134 degrees of freedom, so none of this
models is preferred by our analysis.
Using the dependence of the overall best-fitting statis-
tics on the particle mass, we can build the confidence
range for the mass via the standard approach, described in
Sec. 15.6 of Press et al. (2007). The lower bound on the par-
ticle mass is the value for which χ2 = χ2
best-fit
+ ∆χ2, where
for 2σ confidence level ∆χ2 = 4. The resulting mass bound
of m2σ ' 190 eV is shown in Fig. 2.
In Fig. 4 we show the effect of particle mass on the
velocity dispersion profile in all objects. It is clearly seen
that small particle masses strongly modify this profile.
We also combine four objects that show notable local
minimum on χ2 vs mass dependence, namely, Draco, For-
nax, Leo1 and Sculptor. The combined fitting statistics in
this case is plotted in Fig. 3. The minimum χ2min = 87.4 for 99
degrees of freedom is obtained for particle mass m = 220 eV,
whereas the Navarro–Frenk–White profile fits the data with
χ2 = 91.4. Thus one can conclude that 220 eV fermionic dark
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Best fit 2, Ndf = 99
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Figure 3. Overall best-fitting χ2 as a function of dark matter
particle mass for the combined analysis of only four selected ob-
jects: Draco, Fornax, Leo1 and Sculptor. The minimum at 220 eV
indicating the preferred particle mass is clearly visible. The depth
of the dip corresponds to 2σ significance (∆χ2 = 4). However, it
becomes negligibly small (∆χ2 = 0.4) when the rest of objects are
included into analysis, see Fig. 2.
matter is preferred over CDM with ∆χ2 = 4. However, this
observation should not be treated as a strict result, because
inclusion of the rest of objects into analysis reduces the local
minimum to a statistically insignificant depth of ∆χ2 = 0.4.
4 CONCLUSIONS & DISCUSSION
In this paper, we derive a new maximally model-independent
bound on the mass of fermionic dark matter particle. We
use the halo model of Rudakovskyi & Savchenko (2018)
and the Jeans equation for modelling the line-of-sight veloc-
ity dispersion. We obtain the conservative 2σ lower bound
m & 190 eV on the mass of fermionic dark matter particle.
Fermionic DM with higher particle mass cannot be distin-
guished from the CDM. This result is based on the analysis
of seven ‘classical’ dSphs. Our model fails to fit the kine-
matics of the Carina dSph. However, this galaxy shows the
strongest signs of a tidal disruption among the other ‘clas-
sical’ dSphs (Mun˜oz et al. 2006, 2008; Battaglia et al. 2012,
2013; Fabrizio et al. 2016), see also McMonigal et al. (2014).
It appears that Carina was transformed from a disky galaxy
MNRAS 000, 1–10 (2019)
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Figure 4. Velocity dispersion along the line of sight versus the distance from the object centre. The dots with error bars represent the
binned observational data, taken from Bonnivard et al. (2015). The lines show the best-fitting dependence obtained in the tNFW model
with different particle masses, namely, m = 100 eV which is below the obtained 2σ bound, m =220 eV preferred by the combined analysis
of four selected dSphs (Draco, Fornax, Leo I, Sculptor), and the mass which provides the minimal χ2 in the fit of the corresponding
individual object. One can see that for most of objects the behaviour of σlos in the case of low particle mass strongly changes whereas
variation of mass above the 190 eV bound has small impact on this behaviour.
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to a spheroidal via strong tidal interaction with Milky Way
(Fabrizio et al. 2016), and different sub-populations have
different kinematic patterns (Fabrizio et al. 2016; Hayashi
et al. 2018).
To check the robustness of the obtained result with
respect to possible uncertainties in the values of half-light
radii, we repeat the analysis using upper and lower confi-
dence bounds on rh reported by McConnachie (2012). We
found that the obtained lower bound on the particle mass
changes by less than 10%, being lower for the higher rh used
in the model and vice-versa.
Using only the data on four selected objects, namely,
Draco, Fornax, Leo1 and Sculptor, we obtain that fermionic
DM with m = 220 eV particle mass is preferred over CDM
on 2σ level. The significance decreases to a negligible value
when the rest of objects are included into the analysis.
Conceptually, the halo built from the low-mass fermions
has an extended core with low central density compared to
the cases of more massive DM particles. The best-fitting
halos in case of fermions with the mass m = 100 eV show
∼ 2 kpc cores for all the objects in the analysis. This is much
larger than the radial spans of the outermost points of the
observable kinematics.
The behaviour of σlos is determined by the behaviour of
σr, which is smoothed on the characteristic scale rh via inte-
gral transformation according to Eq. 7, see Fig. 6, 7. There-
fore, in the following discussion we will focus on the be-
haviour of the radial velocity dispersion.
Eq. 5 could be rewritten in the form analogous to Eq. 14
of Di Paolo et al. (2018):
∂lnσ2r
∂lnr
= − 1
σ2r
GM(r)
r
− ∂lnn?
∂lnr
− 2β . (9)
According to this equation, the logarithmic slope of σr de-
pends on three different terms. The first negative term dom-
inates on large scales. On the scales & rh, the influence of
the second positive term − ∂lnn?∂lnr = 5r2/(r2 + r2h) is also sig-
nificant. A density profile with a few-kpc core is similar to a
constant-density profile for r  rc, and such halo has much
lower mass enclosed into radii . 1 kpc compared to a more
cusped one (see Fig. 6, 7). In this case the first term in
Eq. 9 is larger on the scales . 1 kpc compared to the case of
more dense halos. Therefore, the logarithmic slope of σr is
larger for halos built from low-mass fermions on the scales
rh . r . rc. Such slope is not compatible with the data, and
could be partially corrected by the third term of the Eq. 9
with positive β. However, large positive β leads to fast de-
creasing profile of σr for such halos in the low-r region1. The
dip produced in this case is reflected in the profile of σlos,
which also limits the ability to choose very large β. Generally
speaking, the discussed behaviour of the radial and line-of-
sight velocity dispersions is reflected in the decrease of the
best-fitting β values with an increase of rc/rh, see Table 2.
Despite the large spread of the neighbouring points, the
observational data can be regarded as ”flat”, i.e. preferring
σlos profiles without large dips or high slope. Taking into ac-
1 The asymptotic behaviour of the radial velocity dispersion is
σr ∼ r−2β +Cr2 in the region of small r for cored halos, where C
is some constant.
count the discussion above, one can conclude that the halos
built with low-mass particles contradict such ”flatness”.
In this context we must mention that Sextans has
the largest scatter between the nearby observational points
among other dSphs. The values in the neighbouring points
often have more than 1-sigma differences. Also, the value
of rh in Sextans is about 0.7 kpc, or 1.5 times larger than
the maximal radial span (rmax) of the available kinematic
data. As we mentioned above, σlos is smoothed against σr
with the characteristic radius rh. Because the ratio of rmax/rh
for Sextans is the smallest among the classical dSphs, the
corresponding level of sigmalos ”smoothness” is the largest.
This leads to the fact that all best-fits have close values
of goodness-of-fit statistics and similar shape. In contrast,
objects with sufficiently large rmax/rh ratios (such as Sculp-
tor, Ursa Minor, Fornax) demonstrate the largest varia-
tions among profiles with different values of the dark matter
masses.
Also note that our best-fitting parameters for Fornax
m = 171 eV, M200 = 9.57 · 108 M, C200 = 53 correspond to
a profile with rc = 0.93 kpc, which is in a good agreement
with Amorisco et al. (2013)2. While, in general, our analysis
shows no significant preference for the cored dark matter
profiles over the cusped ones (obtained in the ΛCDM model),
Draco, Fornax, Leo1 and Sculptor may give a possible hint
on such preference.
The main advantage of our analysis is the combined
study of several objects: we simultaneously fit the data for
seven classical dSphs. While the fits of the data of individual
objects show different preferred particle masses (see Fig. 1)
and lead to different bounds, the combined analysis ensures
robustness of the results. Moreover, when modelling several
object, we are able to produce stronger bound. For exam-
ple, the strongest limit of 100 eV in Di Paolo et al. (2018)
is obtained by analysing the smallest dwarfs, whereas the
analysis of the classical dwarfs only leads to the mass limit
of few tens of electron-volts.
In general, the dark matter halo profile of Di Paolo et al.
(2018) systematically prefers lower particle masses due to
its fully degenerate nature, which produces sharp cut-off in
the density profile. Unlike in Di Paolo et al. (2018), in our
model the DM halo has two regions: a fully degenerate core
and non-degenerate dispersed outskirts. Fig. 5 shows the fast
clipping of this profile and the smaller core size, compared
with more “blured” tNFW profile.
Recent direct measurements of 3D stellar kinematics in
Sculptor (Massari et al. 2018) and kinematics data mod-
elling via the Schwarzschild method (Kowalczyk et al. 2019)
revealed that the stellar velocity dispersions in the dwarf
spheroidal galaxies are likely to be non-isotropic, but the
uncertainties in the value of β are very large. Therefore, we
assume, for simplicity, that this quantity is constant on all
radii. Inclusion of non-zero stellar velocity anisotropy into
the analysis leads to a lower DM mass bound compared to
the previous findings (e.g. Boyarsky et al. 2009). In the case
of non-zero β, we found that DM particle masses in wide
range are statistically indistinguishable. This agrees quali-
2 Despite that Amorisco et al. (2013) used the Burkert profile,
the core radius r0 is defined as ρ(r0) = ρ04 , which is similar to our
definition
MNRAS 000, 1–10 (2019)
New mass bound on fermionic dark matter 7
0.0 0.1 0.2 0.3 0.4 0.5 0.6
r, kpc
0.0
0.5
1.0
1.5
2.0
2.5
3.0
,M
/k
pc
3
1e8
tNFW
COS3
NFW
Burkert
Figure 5. Dark matter density profile in the tNFW model with
particle mass m =380 eV, M200 = 1.5×1010 M, c200 = 10 compared
with the fully degenerate COS3 profile of Di Paolo et al. (2018)
with the same central density and particle mass. The NFW profile
here has the corresponding asymptotic behaviour. Also plotted is
the Burkert cored profile Burkert (1995) with r0 = 0.38 kpc (twice
the fully degenerate COS3 profile core size).
tatively with the results of Di Paolo et al. (2018) and Randall
et al. (2017) for models of non-fully degenerate fermionic ha-
los. This β-degeneracy could be overcome by assuming mul-
tiple stellar sub-populations (Battaglia et al. 2008; Walker
& Pen˜arrubia 2011; Agnello & Evans 2012; Amorisco et al.
2013) or by using the Virial equations instead of the Jeans
equations (Richardson & Fairbairn 2014). However, the ex-
isting data, which does not include proper 3D stellar kine-
matics with possible asphericity of stellar populations, is
not enough to completely break this degeneracy (Kowalczyk
et al. 2013; Genina et al. 2018; Hayashi et al. 2018).
The effects of supernova feedback (Navarro et al. 1996a;
Pontzen & Governato 2012; Oh et al. 2011; Teyssier et al.
2013; Zolotov et al. 2012), other stellar feedback mecha-
nisms (Chan et al. 2015; On˜orbe et al. 2015), and dynamical
friction (El-Zant et al. 2004; Sa´nchez-Salcedo et al. 2006;
Romano-Dı´az et al. 2008; Del Popolo & Pace 2016) could
cause additional flattening of the dark matter profile and
reduction of the central phase-space density. These mech-
anisms are thus degenerate with the dark-matter-induced
core generation. Inclusion of these effects could increase the
lower mass bound.
In the future, progress in the exploration of DM micro-
physics may be achieved via studying the ultra-faint dwarfs
(UFDs), which are the most DM dominated galaxies that
we know (see, e.g., Bullock & Boylan-Kolchin 2017; Si-
mon 2019). Their compactness also gives an opportunity
to test the dark matter distribution on the smallest scales,
e.g., dozens of parsecs. Also, the star-formation processes
in UFDs should not be powerful enough to change substan-
tially their internal density structure (On˜orbe et al. 2015).
However, even the most recent studies (e.g., Fritz et al. 2018;
Simon 2018) allow one to obtain spectra only for only dozens
of stars in the ultra-faint Milky Way satellites (unlike ‘classi-
cal’ dwarfs, where spectra of hundreds or thousands of stars
are measured). These data are not enough to obtain any
detailed line-of-sight velocity dispersion profile. Lengthy ob-
Object m, eV m200 c200 β rc, kpc rh, kpc
Carina 100 35.98 120 0.74 2.11 0.25
Carina 220 119.4 6 0.52 0.99 0.25
Carina 650 111.7 5 0.19 0.20 0.25
Draco 100 69.47 120 0.67 1.80 0.221
Draco 220 119.4 12 0.40 0.78 0.221
Draco 650 717.4 6 0.10 0.17 0.221
Fornax 100 33.92 200 0.41 2.10 0.710
Fornax 220 10.93 26 -0.24 0.67 0.710
Fornax 650 13.34 19 -0.50 0.15 0.710
Leo1 100 52.27 200 0.83 1.87 0.251
Leo1 220 145.7 9 0.58 0.86 0.251
Leo1 650 127.6 8 0.27 0.18 0.251
Leo2 100 76.32 85 1.00 1.82 0.176
Leo2 220 111.7 12 0.85 0.78 0.176
Leo2 650 127.6 9 0.61 0.17 0.176
Sculptor 100 52.27 200 0.64 1.87 0.283
Sculptor 220 6.010 59 0.10 0.59 0.283
Sculptor 650 11.68 19 -0.38 0.15 0.283
Sextans 100 25.91 77 -0.05 2.34 0.695
Sextans 220 145.7 4 -0.20 1.11 0.695
Sextans 650 875.6 2 -0.38 0.22 0.695
UMi 100 80.55 160 0.69 1.70 0.181
UMi 220 6.012 160 0.06 0.52 0.181
UMi 650 4.311 38 -1.64 0.12 0.181
Table 2. Best-fitting values of the halo profile parameters and
halo core size rc for three fixed dark matter particle masses:
100 eV, 220 eV, and 650 eV. Half-light radii rh are also given for
reference. The m200 values are in 108M.
servations on ∼ 10 m or planned extremely large telescopes
may obtain the spectra of many more stars (Strigari 2018;
Weisz & Boylan-Kolchin 2019; Drlica-Wagner et al. 2019;
Simon et al. 2019).
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Figure 6. The dependence of the enclosed mass, radial velocity anisotropy, line-of-sight velocity anisotropy from the off-center distance
for the three fixed particle masses, same as in Table 2. First four dSphs from the analysis shown.
MNRAS 000, 1–10 (2019)
New mass bound on fermionic dark matter 9
0.0 0.2 0.4 0.6
r, kpc
101
103
105
107
109
M
(r)
,M
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
r, 
km
/s
Leo2
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
lo
s, 
km
/s
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6 0.8
r, kpc
101
103
105
107
109
M
(r)
,M
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6 0.8 1.0
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
r, 
km
/s
Sculptor
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6 0.8 1.0
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
lo
s, 
km
/s
m=100eV
m=220eV
m=650eV
0.0 0.1 0.2 0.3 0.4
r, kpc
101
103
105
107
109
M
(r)
,M
m=100eV
m=220eV
m=650eV
0.0 0.1 0.2 0.3 0.4
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
r, 
km
/s
Sextans
m=100eV
m=220eV
m=650eV
0.0 0.1 0.2 0.3 0.4
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
lo
s, 
km
/s
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6
r, kpc
101
103
105
107
109
M
(r)
,M
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
r, 
km
/s
UMi
m=100eV
m=220eV
m=650eV
0.0 0.2 0.4 0.6
r, kpc
0.0
2.5
5.0
7.5
10.0
12.5
15.0
lo
s, 
km
/s
m=100eV
m=220eV
m=650eV
Figure 7. Same as in Fig. 6 but for another four objects.
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